T he Alzheimer's Disease Centers supported by the NIH National Institute on Aging (NIA/NIH ADCs) collect data on subjects with cognitive impairment as well as normal cognition to study the characteristics and course of Alzheimer disease and other neurodegenerative diseases. The Uniform Data Set (UDS) was created in 2005 to collect standard clinical data on subjects at all of the ADCs on an approximately annual basis. 1 The UDS contains information on patient demographics, family history of dementia, health history, the neurological examination, functional and depression scales, the clinical diagnosis, and neuropsychological test results. Version 2 of the UDS neuropsychological battery (UDS2), 2 which was in use from September 2005 to March 2015, contains several tests that could not be shared with researchers outside of the Alzheimer's Disease Centers unless these researchers had licensing agreements of their own in place. This significantly limited the utilization of the UDS 2.0 by collaborators. In addition, some of the tests on the original battery lacked sensitivity to very early cognitive decline. With the implementation of a new version of the UDS (UDS3), the NIA/ NIH ADC Clinical Task Force sought to replace the UDS2 battery with a new battery composed of nonproprietary neuropsychological tests, allowing the entire battery to be shared more easily with the non-ADC-affiliated research community, and also included measures and scoring methods that would increase the possibility of detecting very minimal cognitive deficits.
In April 2008, the Clinical Task Force created a UDS Neuropsychology Work Group. The Work Group was charged with providing recommendations for replacing proprietary tests in the UDS Neuropsychological Battery with similar nonproprietary tests. The Work Group recommended that 4 tests be replaced: the Mini Mental State Examination (MMSE), 3 to be replaced by the Montreal Cognitive Assessment (MoCA) 4 ; WMS-R Logical Memory IA-Immediate and IIA-Delayed Recall, 5 to be replaced by Craft Story 21 Recall-Immediate and Delayed; WMS-R Digit Span, 5 to be replaced by Number Span; and the Boston Naming Test (BNT), 6 to be replaced by the Multilingual Naming Test (MINT). 7 Once the new battery was implemented, the UDS would contain data from 2 neuropsychological batteries.
To continue to analyze all available data, and in particular to facilitate longitudinal data analysis, the 2 batteries would need to be harmonized. A Statistical Advisory Group was convened and charged with: (1) recommending a method for reconciling the 2 batteries and (2) developing a study to collect data to inform implementation of that method.
METHODS

Strategies for Equating Tests
The Statistical Advisory Group identified several potential methods for analyzing data from both batteries. A direct imputation using equipercentile equating 8 was selected as the best available approach. Equipercentile equating uses percentiles to provide equivalent scores from one test to another-in other words, a crosswalk. Equipercentile equating has several strengths that make it wellsuited for equating of neuropsychological tests. First, all imputed scores are within the range of the test (eg, one cannot impute a score of 31 on a test that ranges from 0 to 30). Second, it does not assume that test scores follow a prescribed distribution (eg, a normal distribution); instead it relies on ranks. Third, it allows the tests to have different ranges (eg, a test ranging from 0 to 30 can be equated with a test ranging from 0 to 32). Finally, it provides a single equivalent score for each value of the original test, which facilitates replication of results obtained using the equated scores. One limitation, however, is that the method does not take into account imputation error in subsequent analysis. In other words, the single-score imputation has a level of error that is not accounted for when the data are analyzed as if the converted score were an observed score.
Equipercentile equating has been used previously with the MMSE and other neuropsychological tests. For example, Fong et al 9 used equipercentile equating to create a crosswalk between the MMSE and the Telephone Interview for Cognitive Status, and Roalf et al 10 created a crosswalk between the MMSE and the MoCA.
To provide equivalent scores to investigators using NACC data, data from similar populations receiving both the new and the previous tests would need to be obtained and analyzed. The Crosswalk Study was thus planned.
The Crosswalk Study: Design
The goals of the Crosswalk Study were: (1) to assess the correlation between the previous tests and the new tests and (2) if reasonably highly correlated, to create a crosswalk between the previous and new tests so that tests could be equated.
It is ideal to administer both the previous and new tests to those who come to the ADC for the first time (ie, subjects who are making their initial visit). However, due to the much longer duration required to accrue data from a sufficient number of subjects making an initial visit, each ADC was asked to give new and returning subjects both the UDS2 neuropsychological battery and the new proposed tests. The order of the UDS2 battery versus new tests was randomized for each Center individually so that some subjects received the UDS2 battery first, whereas others received the new tests first. Target strata for screening subjects into the study were determined to maximize recruitment of subjects with mild cognitively impairment and mild to moderate dementia. Each ADC was asked to administer the tests to 10 subjects with MMSE scores of 26 to 30, 20 subjects with MMSE scores of 21 to 25, 20 subjects with MMSE scores of 16 to 20, and 10 subjects with MMSE scores of 10 to 15. Lower MMSE scores were deemed not necessary for the crosswalk as it is difficult to administer the battery in its entirety to severely demented subjects, and these scores often show poor test-retest reliability due to within-subject variation. 11, 12 These strata were set as targets for the ADCs to encourage a desirable distribution of scores; however, filling these strata exactly as prescribed was not necessary for evaluating correlation nor performing the test equating.
The study was conducted from December 2013 to April 2014. Standard UDS quality assurance (http:// www.alz.washington.edu/WEB/qaqc_main.html) was performed on all UDS data collected as part of the Crosswalk Study. Additional parallel quality assurance was performed on the new test battery data. This process included ensuring that the data were within the allowable ranges, recalculating total scores from subscores to confirm the provided total scores were correct, and identifying improbable combinations of test scores (eg, BNT score = 5 and MINT score = 30). Centers were asked to verify or correct all identified data-quality concerns, and those concerns that were not either corrected or verified as correct were excluded from the study (< 1%).
The Crosswalk Study: Statistical Analysis
Before data collection, thresholds for minimum acceptable correlation coefficients were established. As there are no agreed-upon cutoffs for correlation coefficients, we chose a conservative approach to categorizing correlation. Poor correlation was defined as a Pearson or Spearman correlation coefficient <0.3, moderate correlation was a coefficient of 0.3 to 0.59, good correlation was a coefficient of 0.6 to 0.79, and very good correlation was a coefficient Z0.8. Tests with correlation coefficients Z0.6 would be candidates for equating, whereas a crosswalk of tests with weaker correlation would not be advisable or pursued further.
The MoCA is often adjusted for educational attainment such that subjects with fewer than 12 years of education have an extra point added to their total score. Correlation coefficients were calculated for both raw and adjusted scores.
As both newly enrolled UDS subjects and returning subjects making follow-up visits were included in the study, there was potential for learning effects, especially for Logical Memory IA-Immediate and IIA-Delayed. [13] [14] [15] Two types of learning effects were considered. The first type is learning how to take the test. To reduce bias of this type, about half of the participants in the study received the UDS2 battery first, whereas others received the new battery first. The second type of learning effect, a differential learning effect, involves remembering specific details of the story. This type would artificially raise scores on the Logical Memory recall test (a test in UDS2), but not the Craft Story (a newly introduced test in UDS3), for subjects who had received the UDS2 neuropsychological battery previously. To evaluate differential learning effects, linear regression was performed with visit number as the independent variable and neuropsychological score as the dependent measure for all of the tests in the UDS2 battery. Visit number was treated as a categorical variable with the initial visit as the reference. Only subjects who scored a 25 or higher on the MMSE were included, as retesting effects are more pronounced, and thus easier to detect, in those with normal cognition compared with subjects with cognitive impairment. 16, 17 A sensitivity analysis restricted the sample further to those with normal cognition by applying the additional exclusion of subjects with a Clinical Dementia Rating (CDR) global score >0. 18 Statistically significant differences for visit number would suggest the presence of retesting effects, and as such, the crosswalk would be performed using only data from visits that were not different from the initial visit.
Test pairs with correlation Z0.6 were then equated using equipercentile equating with log linear smoothing 19 using the "equate" package in R. 20 95% confidence intervals were calculated using 100 bootstrap samples. 21 Model diagnostics were performed to assess the accuracy of the equipercentile equating. First, before any equipercentile equating was performed, the data were split into training and validation data sets. A total of 70% of the subject data were devoted to the training set, whereas 30% was used to test the accuracy of the single value estimation. After the equipercentile equating was performed on the training data, the score predicted by the equate method was subtracted from the observed score in the validation data. This value was then a measure of accuracy of the estimate determined from the equating. Only subjects scoring Z10 on the MMSE were included in the model diagnostics, as this was the lowest score of interest in this study. Histograms of the difference between the predicted score and the observed score in the validation data set were created to show the distribution of the accuracy of the imputation.
All analyses were performed in R version 3.1.1. Research using the NACC database is approved by the University of Washington Institutional Review Board.
RESULTS
A total of 935 subjects from 24 ADCs contributed data to the Crosswalk Study (data downloaded on September 8, 2014). Of these, 102 were from initial visits, and the remaining 833 were from follow-up visits (median visit number, 4; range, 1 to 9). The randomization process produced 482 subjects receiving the new tests first and 453 receiving the UDS2 battery first. A majority of the subjects (73%) tested within the highest stratum of the MMSE; however, ample data were available in all of the targeted strata. A total of 56% of subjects were women, and the median age was 75. Additional sample characteristics are listed in Table 1 .
Correlation coefficients for each test are presented in Table 2 . Nonparametric Spearman correlations were calculated to account for non-normally distributed data. All coefficients fell within the "good correlation" range (rZ0.6), indicating that the tests had suitable correlation for test equating. Pearson coefficients were also calculated for comparison and were even higher than the nonparametric estimates, with several coefficients falling in the "very good" range (results not shown).
Learning effects were evaluated by exploring a potential difference in test score on the previous test (UDS2) by visit number. Among subjects with normal cognition, Logical Memory IIA-Delayed Recall test scores from visits 2, 3, 4, and 5 were not statistically significantly different from test scores from the initial visit; however, test scores from visits 6, 7, 8, and 9 were different from scores at the initial visit (P < 0.01 for all visits). Test scores from later visits were on an average 2 to 4 points higher than test Six hundred fifty-five subjects were randomly selected for the training set used to determine the equivalency tables, and 280 were retained for testing the accuracy of the equating. Of those 280, 278 scored Z10 on the MMSE.
MoCA and MMSE
The raw MoCA scores and education-adjusted MoCA scores both had good correlation with the MMSE. As the education-adjusted score is the main summary score for the MoCA, it was selected for use in the equate process.
In general, MoCA scores equated with higher MMSE scores. For example, a score of 20 on the MoCA was equivalent to a score of 26 on the MMSE. Confidence intervals for lower scores were quite wide, with upwards of 4 points in each direction, mainly due to smaller sample size; however, confidence intervals for moderate and high scores were much closer, with 0 to 2 points in each direction. Results of the MOCA to MMSE equating are presented in Table 3 and Figure 1 . All other conversion tables are provided as supplementary material (Supplementary Tables 2 to 8 , Supplemental Digital Content 1, http://links.lww.com/WAD/A118).
Observed scores on the MMSE were compared with those predicted by the equipercentile table using the validation sample. Of the observed scores, 33% exactly matched the predicted score from the table. Sixty-one percent of observed scores were within 1 point of the predicted score, and 83% were within 2 points. As shown in Figure 2 , a few observed scores (n = 10; <4%) were 5 or more points different from the predicted MMSE. Although these extreme differences were rare, it is important to note their occurrence.
MINT and BNT
MINT scores and BNT scores were very similar for lower scores, but for middle and higher scores, the MINT was often matched with lower BNT scores. This finding suggests that the MINT may be somewhat easier than the BNT, with subjects able to name upwards of 3 additional items on the MINT than on the BNT.
The differences between the observed BNT and those predicted from the conversion table were similar to those observed for the MoCA and MMSE: 22% of subjects in the validation set had observed scores equal to that predicted by the equipercentile table, 48% were within 1 point of the predicted score, and 65% were within 2 points.
Craft Story and Logical Memory
Only subjects making an initial visit or follow-up visit 1 to 4 (maximum total of 5 visits) were included in the equate process for Craft Story to Logical Memory. In general, Craft Story 21 paraphrase scores were determined to be about 0 to 2 points higher than Logical Memory scores for both IA-Immediate and IIA-Delayed Recall. Confidence intervals for this crosswalk were tight across the range of scores, varying at most by 2 points from the equivalent value.
There was considerable variation in the paraphrase scores observed and those predicted by the conversion table for the immediate recall. Approximately 10% of subjects had exactly the same score, with 25% scoring within 1 point, 46% scoring within 2 points, and 72% scored within 5 points. The differences between observed and expected scores were slightly more for the Delayed Recall, where only 4% had exact matches, 19% were within 1 point, 30% were within 2 points, and 71% were within 5 points. For both immediate and Delayed Recall tests, further restricting the sample to subjects scoring Z24 on the MMSE did not improve accuracy (results not shown).
Number Span and Digit Span
Number Span and Digit Span scores were very closely matched. For both forward and backward tests, exact or nearly exact scores were equated for the length scores and trials correct scores. For the forward length score, the lower values were slightly different for Number Span and Digit Span but never by more than 1 point. All confidence intervals for these tests were extremely tight, varying at most by 1 point in either direction.
The range for the number and digit span is narrower than for the other tests, so a difference of 1 point is much more meaningful in this case. For the trials correct score, 78% on the forward test and 67% on the backward test had observed scores within 1 point of the predicted score. Similarly, for the digit span length score, 93% of the forward and 86% of the backward scores observed were within 1 point of the expected score, with 46% exact matches for both forward and backward.
DISCUSSION
The UDS Neuropsychological Work Group succeeded in identifying nonpropriety neuropsychological tests to replace those in the UDS2 battery. The new tests have "good" to "very good" correlation with the previous tests, and equivalent test equating returned single imputations for each of the new tests with reasonably tight confidence intervals.
The MoCA to MMSE conversion table generated from the Crosswalk Study data were very similar to those conversions presented by Roalf et al, 10 varying by 1 point at most. The finding that MoCA scores equated with higher MMSE scores is consistent with studies that have found the MoCA to be a more sensitive measure than the MMSE among those with high cognitive function and in Alzheimer dementia as well as other dementias. [22] [23] [24] [25] The finding that most observed scores were within 1 or 2 points of the scores predicted by the conversion tables provides support for our estimation approach; however, additional steps to account for imputation error in subsequent data analysis should be considered.
Although large differences of 5 or more points were observed for some subjects, these were infrequent (4% for MoCA/MMSE) and were predominantly observed in the lower ranges of scores. Moreover, neuropsychological test scores are often analyzed using methods built around ranges of scores, such as score cutoffs for cross-sectional data and test composite scores and reliable change indices for longitudinal data. These methods allow for some variation in scores due to measurement error and within-person variability and instead focus on clinically meaningful changes in test scores over time.
Logical Memory and Craft Story 21 had the lowest prediction accuracy: the predicted score and the observed score differed by more than 2 points for more than half the sample. This could be due to differential learning effects not detected in the regression model or lack of experience among test administrators in scoring the new story. It could also be that there is more within-subject variability for this domain and/or specific test. Prediction accuracy in subjects scoring Z24 on the MMSE was similar to that seen in the entire sample (results not shown); thus, there is little evidence for varying reliability by cognitive state.
This study did have potential weaknesses. First, the equipercentile method requires an anchor test. In other words, the equating process is designed so that one can convert the new test score to an equivalent score on the previous test but not the other way around. As the goal of the Crosswalk Study was to impute MMSE scores from MoCA scores until data on the MoCA accumulate and eventually replace the MMSE, this is a temporary limitation.
Second, the equipercentile method is a single imputation, and thus, it is not possible to account for the variation (ie, error component) of the imputed scores. For example, if 3 subjects scored a 26 on the MoCA and their corresponding observed MMSE scores were 29, 29, and 30, we cannot adjust for the variation in the imputed MMSE scores. Alternative methods such as the Approximate Bayesian Bootstrap Imputation 26 could potentially address this issue. Additional analyses, using other conversion and imputation techniques, should be explored.
Third, subject characteristics such as age, sex, and education were not adjusted for in the equating process; instead, it is assumed that these characteristics affect the previous test and new test in similar ways. Thus, adjustment for these characteristics can be done at the discretion of the investigator.
Fourth, the NACC subject population has unknown generalizability to other populations. The high proportion of subjects with advanced education combined with limited data on those with nonwhite race and diverse ethnicity make it difficult to assess the potential external validity of the Crosswalk Study presented here. Nonetheless, the internal validity of the study was reasonable; the validation sample had observed scores similar to those predicted by the equipercentile equating tables.
A major strength of the Crosswalk Study was that the same subjects took both sets of tests, thus there were no differences between the subject populations taking the new and previous tests. Other potential sources of variation such as test order and learning effects were accounted for in the study design. In addition, the Crosswalk Study was performed using UDS subjects, and thus was representative of the inference population. Other strengths included the use of a validation sample and the estimate of confidence intervals.
In summary, the Crosswalk Study provides conversion tables that clinical researchers can refer to when assessing patients with the new battery. There is also potential for researchers to combine the previous and new UDS neuropsychological test battery data to analyze longitudinal data with minimal disruption.
